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INTRODUCTION 
General 
Hardness in water is caused by divalent metallic cations in 
solution. Calcium nd magnesium are the major contributors to the 
hardness found in natural waters. The type and amount of hardness 
tolerable is dependent upon the intended use of the water . Agriculture 
is the largest single user of water, principally for irrigation ( 1). 
Acceptable irrigation water should contain very little sodium in 
relation to the cations calcium and magnesium .  If the sodium content 
is excessive, it will be absorbed by the soil replacing calcium and 
magnesium. This may alter the soil structure by sealing pores and 
interfering with ·drainage (1). Irrigation waters high in bicarbonate 
(HCO3
-) ion tend to cause calcium and magnesium to precipitate and 
thus increase the relative sodium concentration. 
The hardness of water used by many industries must be rigidly 
controlled. Domestic water has no maximum limit for hardness in a 
health-related sense but guidelines are suggested to enhance its 
asthetic value. It is possible to economically remove hardness from -
water by ion exchange or chemical precipitation. Any treatment 
that removes hardness is closely related to the carbonic system (1). 
When carbon dioxide dissolves in water it forms carbonic acid, 
a weak acid. Carbon dioxide may be derived from CO2 in the 
atmosphere di sso 1 ving into the water and a 1 so CO2 formed by 
biological oxidation of organic matter in water (1) . The carbonic 
1 
2 
system exists in four forms: dissolved CO2, carbonic acid (H2co3), 
bicarbonate (HC03-) ion, and carbonate (co3
=) ion . Concentrations of 
each is pH dependent and fixed by equilibrium reactions . The addition 
or loss of CO2 will affect the concentration of all forms of the 
carbonic syst�m including the H+, and OH- ions of the water. 
The hardness cations, calcium and magnesium, can be associated 
with a number of anions including co3
= and HCo3-. Association with 
these latter two ions is termed carbonate hardness . Under favorable 
pH conditions, calcium and magnesium ions may combine with the co3= 
and OH- ions respectively, to precipitate out of solution. The 
relationship between the divalent cations, calcium and magnesium, . 
and the carbonic species is one of equilibrium with dependence on 
both pH and initi�l concentration of the cations and carbonic 
species ( 1 ). 
Presently the calculations of the addition of chemicals for 
softening are based on stoichimetric relationships which ignore 
ionic and solubility equilibrium chemistry as well as temperature 
and ionic strength effects on chemical reactions . Caldwell-Lawrence 
diagrams represent an equilibrium approach to the chemistry of the 
carbonic system in natural and treated waters (1). The equilibrium 
relationships that predict the mass of chemicals needed to reach 
the desired effluent are presented in graphical form for either 
complete or partial lime softening. 
Objectives 
The objectives of the investigation were: 
1. ) to determine the validity of the Caldwell-Lawrence diagrams 
in predicting alkalinity, calcium, and pH values at 
various levels of lime addition of the softening process .  
2. ) to determine the practical application of the diagram for 
plant operators in daily operations and design engineers 
for design calculations. 
Scope of the Research 
Throughout the investigation, primary consideration was given to 
the practical aspects of water treatment in terms of water sampled, 
methodology, and.statistical analysis of test results. Construction 
of the Caldwell-Lawrence diagrams is based on chemical equilibrium 
between the carbonic species an� calcium and magnesium in water. 
The theory is well documented in the literature and is the very 
backbone of equilibrium chemistry. It was the practical applications 
of these equilibrium equations that were investigated. If the 
methods of chemical determination by Caldwell-Lawrence are adversely 
affected by local conditions and the routine problems encountered in 
daily plant operations, the benefit for both operato�s and design 
engineers would be greatly reduced. 
3 
L ITERATURE REV IEW 
Origin of Hardness 
Hardness in water is caused by divalent metallic cations. From 
a practical standpoi1t the predominant cations are calcium (Ca) and 
magnesium (Mg) (2, 3, 4, 5). Bacterial action in soil releases 
excessive amounts of carbon dioxide (CO2). Rain water percolating 
through thick topsoil layers absorb CO2 which combines with the water 
to form carbonic acid (H2co3) (1). This lowers the pH of the soil 
water and increases its tendency to dissolve such basic materials as 
limestone, increasing the concentrations of Ca and Mg in the water. 
This may be shown by the chemical equations (2): 
4 
Caco3 + H2co3 + Ca (HC03)2 ( 1)  
MgC03 + H2C03 + Mg (HC03)2 (2) 
It may generally be stated that hard waters are found in regions 
of thick topsoils and limestone formations . In the United States this 
includes most of the mi9western states and Arizona and New Mexico . 
Soft waters predominate in the South Atlantic, New England, and 
Pacific Northwest states where the geological formations do not 
include limestone. 
Divalent metallic ions combine with ordinary soaps to form 
insoluble Ca-Mg curds or soap scums which are ineffective for 
cleansing purposes. Since little cleaning is accomplished until all 
Ca-Mg ions have combined with soap, more soap is needed to produce 
acceptable cleaning results. The hardness ions also can clog skin 
pores, discolor porcelain, stain fabrics and toughen and discolor 
vegetables (6) . The build-up of scale in boiler tubes is a more 
serious engineering problem because this results in a reduction of 
heat transfer efficiency (2). 
Hardness Classification 
Varied public acceptance of hardness in water has created some 
·ambiguity as to what is considered to be a hard or soft water. 
Sensitivity to hardness appears to be related to the water to which 
the consumer has become accustomed. A typical classification of 
waters according to hardness has been presented by Merrill (6) as 
is presented below. 
C 1 ass i fi cat ·j on hardness mg/1 as CaC03 
soft 0 55 
slightly hard 55 - 100 
modestly hard 100 - 200 
very hard >200 
Although no hardness standards are set by either the U. S .  Public 
Health Service or the World Health Organization, the American Water 
Works Association has set goals for drinking water hardness content 
to be less than 80 mg/1 as calcium carbonate, CaC03. S caling due 
to magnesium hydroxide, Mg(OH)2, generally may be eliminated if 
magnesium concentrations are less than 40 mg/1 (6). 
Total hardness may be classified with respect to the metallic 
ion or to the anions associated with the metallic ions (2) .  It is 
5 
sometimes necessary to consider the metallic ions separately to 
calculate chemical quantities needed for hardness removal in the 
softening process. To accomplish this, the total hardness of a water 
can be approximated by the sum of the Ca and Mg hardness . Only total 
and calcium hardnes need to be measured because Mg hardness can be 
obtained from the difference between total and Ca hardness . 
6 
Total hardness also can be divided into carbonate or noncarbonate 
hardness depending on the anionic species with which the bivalent 
cations are associated. The anions most commonly available to 
calcium and magnesium are the bicarbonate (HC03
-) and carbonate (co3
=
) 
ions . · Sulfate (S04
=
), chloride (c1 -), and nitrate (N03
-) anions ·also 
combine with calcium and magnesium. Bicarbonate and co3= ions in 
association with Ca and Mg are designated carbonate hardness . Calcium 
and magnesium sulfates, chlori�es or nitrates are noncarbonate 
hardness (3). When both hardness and alkalinity ar� expressed in 
terms·of Caco3, carbonate hardness equals alkalinity when alkalinity 
is less than total hardness . Carbonate hardness is equal to the· 
total hardness when alkalinity exceeds total hardness . Carbonate 
hardness may be precipitated during the softening process with the 
addition of lime (2) . Carbonate plus noncarbonate hardness equals 
total hardness. 
Carbonic Species 
Carbonic species are present in solution as dissolved CO2, 
carbonic acid (H2C03), Hco3- and C03= ions. The sum of these 
7 
concentrations represents the total carbonic species, Cr. The 
existence of CO2 in water may be described by the fol lowing reactions: 
CO2 + H2O "! H2C03 
H2C03 -:_ H
+ + HC03 
HC03- -::. H
+ + C03 
= 
H20 : H+ + OH-
Only 0. 26 per cent of dissolved CO2 gas combines with water in the 
formation of H2C03. Since the formation of H2co3 is essential for 
both HC□3- and co3
=
, any stripping or addition of co2 will greatly 
affect the concentrations of H+ , OH-, HC03
-, and co3=, The above 
reactions clearly define the interaction between carbonic species 
concentrations and pH due to the release of the hydrogen ion. 
Accordingly, pH defines relative carbonic concentrations, with lower 
pH values (high H+ concentrations) favoring formation of H2C03 and 
high pH values (low H+ concentration) favoring co3= formation. 
Ionization Constants 
Actual concentrations of individual carbonic -species are best 
described by determination of the ionization (or dissociation) 
constants for H2co3. The law of mass action predicts equilibirum 
between reactants and reaction products. This equi 1 ibrium can be 
expressed quantitatively by an ionization constant which varies with 
temperature and ionic strength. Carbonic acid is diprotic, yielding 
two hydrogen ions on dissociation and therefore has two ionization 
(3) 
(4) 
(5) 
(6) 
constants. The real first ionization constant may be stated from 
Equation 4 (1).  
[H+J [HC03-J = K 
[H2C03J 
r 
Because of the small percentage of co2 hydrolyzing to H2co3, the 
ionization constant may be rewritten to include the concentration of 
both molecularly dissolved co2 and H2co3 in the denominator and is 
cal-led the first ionization constant for the carbonic system and may 
be written as 
8 
( 7) 
[H+J [C03
-J _ 
[H2C03*J 
- K1 ·(8) 
where [H2C03*J = [H2C03J + [CO2] 
The second ionization constant is determined from Equation 5 .  
[H+J [CO =J _,__ __ 3 __ K [Hco3-J 
- 2 
The ionization constant for water is given by 
(9) 
[H+J [QH-J = Kw (10) 
Equations 8, 9, and 10 describe the interactions involved at 
equilibrium when a weak diprotic acid, H2C03 , is added to water . 
The total carbonic species concentration, Cr, is constant and its 
sum must equal the concentration of wea k  acid added to water. 
( 11) 
At 250 C and unit activity, the first ionization constant, K1, 
has a value of 10-6·3 corresponding to a pH .of 6. 3G When the [H+J 
is� 10-6-3 (i . e. pH is less than 6 . 3) , H2C03* (from Equations 4 and 
8) is the predominant species .  The second ionization constant, K2, 
has a value of 10-10·3 • Hence, from Equations 5 and 9, HC03 is 
prevalent between pH 6. 3 and 10. 3. When the pH exceeds 10 . 3, co3= 
is the predominant form of the carbonic species. At [H+J = K1 , 
(pH = pK1),  H2C03* and Hco3
- exist in equal quantities. Similarily 
at pH = pK2, HC03- and co3
= are present equally . 
Temperature and Ionic Strength 
Ionization constants are influenced by temperature and ionic 
strength. The effect of temperature on pK1 was determined by 
Shadlovsky and Mclnnes; on pK2 by Harned and Scholes; and on Pl<w by 
Harned and Harner (in 1) . Figure 1 shows the effects of temperature 
between O - 40° C on p K1 , pK2, and p�. As temperature decreased 
from 25° C all pK values increase ( K  values decrease) .  Thus, equal 
concentrations of H2C03* and HCo3- would be found at the pK1 of 6 . 48 
for a system at 10° C or at a pK1 of 6. 3 7 at a temperature of 25
° C. 
Similarly, the concentrations of H
+ 
AND OH- would be equal at a P'<w 
of. 14 at 25° C or at a pKw of 14. 6 at 10
° C .  
Increased ionic strength adversely affects the activity of the 
carbonic species and, in turn, the ionization constants . Ionic 
strength must be taken into account when determining carbonic species 
concentration. Langlier established experimentally that the ionic 
strength, µ, may be estimated byµ = 2. 5 x �o-5 s0, where s0 is the 
total dissolved solids in mg/1 and�, the ionic strength in 
moles/liter (in 1).  
9 
p� 
14 . 5 
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10 . 5  
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10 . 2 
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0 �10 20 
TEMPERATURE, 0c 
30 40 
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Figure 1 . Temperatur� Dependence -of pK1, pK2, pKw (after 1) . 
11 
Solubility of Ca C03 and Mg(OH}2 
Calcium, magnesium, and sodium salts and their relative 
solubilities are presented in Table 1 ( 1) .  It is  readily apparent from 
the table the Caco3 and Mg(OH}2 are relatively insoluble when compared 
with the other salt listed . 
Solubility Products 
The ca lei um ion. (Ca+
+) and carbonate ion ( co3 =) react to form 
calcium carbonate in accordance with Equation 1 2: 
ca++ + co3
= : Ca C03+ ( 12} 
The equation for the solubility product, KcA, for the above reaction 
is: 
++ -[Ca J [C03 J = KcA . ( 13) 
If the product of the ion concentrations of ca++ and co3
= exceeds the 
value of KcA, precipitation of c�co3 will occur . To induce 
precipitation it is necessary to have high calcium concentrations in 
combination with high pH. The system is said to be saturated with 
respect of Caco3 if the ion product of [Ca
++ ] and cco3=J equals KcA· 
If this product is less than KCA' the system is undersaturated, and 
Caco3 will dissolve. The time to the equilibrium state between 
solute and solids is a slow process and may vary from minutes to 
years. This time may be affected by degree of under or over 
saturated waters and mixing conditions in the water ( 1). Similar 
reasoning is used to describe the solubility product, KMG' and 
saturation conditions for Mg(OH)2. 
12 
Table 1 
Relative Solubilities of Calcium, Magnesium and Sodium Salts (in 1) 
Solubility as ppm 
Mineral Formula of CaC03 at QO C 
Calcium bicarbonate Ca(HC03) 2 1,620 
Calcium carbonate Caco3 15 
Calcium chloride CaC 1 2 336,000 
Calcium hydroxide Ca(OH)2 2, 390 
Calcium sulfate Caso4 1,290 
Magnesium bi carbonate Mg(HC03) 2 37, 100 
Magnesium carbonate MgC03 101 
Magnesium chloride MgCl 2 362,000 
Magnesium hydroxide Mg(OH)2 17 
Magnesium sulfate �1gS04 170,000 
Sodium bicarbonate NaHC03 38,700 
Sodium carbonate Na2C03 61,400 
Sodium chloride NaCl 225,000 
Sodium hydroxide NaOH 370,000 
Sodium sulfate Na2S04 33,600 
The solubility products for caco3 
and Mg(OH) 2 are affected by 
both temperature and ionic strength. As temperature increases, 
they become less soluble, (both KcA and KMG decrease) and the rate 
of precipitation increases. The greater the ionic strength of a 
liquid, the more soluble will be the dissolving substance, and the 
slower the rate of precipitation. 
Calcium Ion Solubility 
13 
A calcium ion solubility higher than calculated from the 
solubility product constant has been noted in the literature (6) (7). 
This phenomenon is attributed to the formation of complexes of calcium 
and carbon�te (CaCO�) . This increased solubility has not been 
accounted for in most pre-1 970 calculations in the literature, or was 
it discussed by Loewenthal and Marais (1) in their use of the 
modified Caldwell-Lawrence diagram for calcium determination . 
Consequently, measured calcium and alkalinity values higher than 
those predicted by the Caldwell-Lawrence diagram could be due to this 
phenomenon .  The differences in measured and predicted calcium and 
carbonate ion solubilities have been determined and are presented 
in Figure 2 (6). This figure shows that the CaCO� · (and hence Ca 
and co3 ) differences increase with increasing temperature. 
Softening 
Hardness in water may be removed by eit.her the precipitation 
method or ion exchange. Only the first method is pertinent to 
the research presented herein. 
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Figure 2 .  Solubi lity Of The Ion Pair C�CO� With Temperature (2) . 
Softening - Reactions 
The hardness of the water is due primarily to the presence of 
excessive calcium and magnesium ions. In the precipitation (lime­
soda ash) method, these ions are removed as caco3 and Mg ( OH ) 2 . For 
precipitati on to occur, the respective solubility products KCA and 
15 
�1G must be exceeded . Hydrated lime (Ca (OH)2) is added to increase 
the pH for the necessary formation of co3= . The chemical reactions 
that take place when Ca(OH)2 and soda ash (Na2C03) are a�ded to a hard 
water are presented below ( 2 ) .  
CO2 + Ca (OH)2 + CaC03+ + H20 
ca++ + 2HC03
- + Ca (OH)2 + 2CaC03+ + 2H20 . 
Mg++ + 2HC□3- + Ca (OH)2 + CaC03+ + Mg++ + co3= 
Mg++ + co3= + Ca (OH)2 + CaC03+ + Mg (OH) 2+ 
Mg+ + + s04= + Ca (OH)2 + ta
++ + s04
= + Mg(OH)2+ 
++ - + -Ca + so4- + Na2co3 + caco3+ + 2Na + so4-
If alkalinity is greater than total hardness , t�e magnesium and 
cal cium bicarbonates can be precipitated by lime which provides a 
source of hydroxyl ions .  As indicated by Equations 15, 1 6, and 1 7 , 
hydroxyl ions convert bicarbonate ions to carbonate ions, thereby 
exceeding the solubility product of Caco3 (2). 
Whereas the carbonate hardness is removed with 1 ime al one, 
{14) 
( 1 5) 
(16) 
( 17 )  
( 18) 
{ 19) 
removal of noncarbonate hardness also requi res Na2C03 . For example , 
lime will bring about the removal of the Mg hardness in Mg S04 by 
precipitation as Mg(OH)2 (Equation 18) .  However, no net softening 
occurs because caso4 is also a product of the reaction. To obtain 
softening, Na2C03 must be added to remove the Ca ions as a Caco3 
precipitate. Equation (14 )  shows that carbon dioxide also exerts a 
demand for l ime and must be considered when calculating the quantity 
of lime needed (3) . 
Stoichimetic Method for Determ ining Lime Requirements in Softening 
The present stoichimetric method for determining the amount of 
lime and soda ash required to soften a water is based on Equations 
16 
14 - 19 .  This method can predict, with relative accuracy, the 
chemical additions for compl ete softening of the water. Its main 
disadvantage is that it cannot be used in determining chemical dosages 
for intermediate or partial softening. 
The lime requirement is dependent on the free carbon dioxide, 
carbonate hardness, and magnesium content (2).  This is shown in 
Equation (14) for CO2, Equations 15 - 17 for . carbonate hardness, 
and Equation 18 for Mg + . The lime requirements, in mg/1 as caco3, 
is equal to the sum of the magr1esium, bicarbonate alkal inity, and 
carbon dioxide concentrations, al l expressed in terms of Caco3 (6). 
Required soda ash in mg/1 as caco3, is equal to the noncarbonate 
hardness of the water {2) .  This is equivalent to the calcium and 
magnesium concentrations (i. e . , the total hardness) minus the 
bicarbonate al kal inity (which is equal to the carbonate hardness) (6) . 
These quantities are correct only if the alkalinity is less than 
the total hardness .  When the alkal inity exceeds the hardness, the 
above method of chemical determination should be corrected by 
reducing the bicarbonate alkalinity to an amount equal to the total 
hardness . No soda ash would be required since under this latter 
situation, only carbonate hardness is present (6) . 
To maximize the insolubility of Mg (OH)2
, it i s  necessary to add 
an excess of about 50 mg/1 of Ca (OH)2 . to increase the pH  so that 
KMG can be exceeded. This should be added to the calculated amount 
of lime. Even with this excess lime added, Mg (OH } 2 and �aco3 remain 
slightly soluble, about 25 mg/1 as caco3 in combi nation. It should 
be noted that this is the theoretical residual solubility and that 
practical considerations do not allow enough reaction time for 
complete precipitation .  Haters treated by the excess lime-soda ash 
method generally contain 50- 80 mg/1 of residual hardness ( 2) .  
Caldwell- Lawrence Diagrams 
An alternate method now available for determining the amount of 
softening chemicals utilizes the Caldwell�Lawrence diagrams (8). 
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These diagrams provide solutions to problems involving Caco3 
equilibria (6). Practical application of these diagrams extends not 
only to water softening, but also water stabilization , water blending, 
and co2 stripping problems ( 1 ). Only water softening by the addition 
of Ca (OH)2 (hydrated lime) will be considered. 
The diagram is based on the equili bria interrelationships 
between alkalinity, acidity, pH, and calcium. The body of the 
diagram consists of a series of iso-calcium, iso-alkalinity, and 
i so-pH lines ( Figure 3) with each point of intersection of these 
50 
Figure 3 . Caldwell-Lawrence Diagram _ (after 1) . 
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three lines a point of Caco3 saturation, that is, where 
++ = [Ca J • [C03 J = KcA · Each diagram is unique for a given temperature 
and ionic strength because the saturation state is dependent upon both 
of these parameters. Although results obtained for a temperature 
and ionic strength different from that of a diagram are not totally 
accurate, from a practical standpoint they are acceptable ( 6). The 
diagram may be constructed using the equations of the parameters. A 
computer printout for the diagrams has been published by Lowenthal 
and Mar a i s (1 ) . 
Al kalinity 
Alkalinity lines appear on Caldwell-Lawrence diagrams as 
semi-circles opening to the left with equal upper and lower limits 
nearly parallel with the horizontal axis and a vertical limb paral l el 
with the vertical axis . The alkalinity represented in the diagram 
is the total alkalinity, and may be defined as the acid-neutralizing 
capacity of the water . It is recommended that the al kalinity be 
measured to the carbonic acid (H2 co3*) end point ( 1) . A zero proton 
level will yield an equivalent expression for alkalinity. The zero 
proton level i s  defined by the species before addition  to water. In 
the case of alkalinity, it is H2 co3, which when added · to  water yields 
the species as shown below. 
Species formed by gaining lH+ H+ ( H3) 
Zero proton level H2C�3* + 
t 
H20 
l H+ 
i 
Species formed by losing HCO OH -
i 3 
Species formed by losing 2H
+ co3
= 
Equating t he species formed on either side of the zero proton level 
yields. 
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(20) 
An equivalent expression for alkalinity can be obtained by summing 
the molar concentra ions of species capable of absorbing and 
releasing hydrogen ions during the titration ( 1). 
Alkalinity = [HC03-J + 2 [ COtJ + [OWJ - [H
+J (2 1) 
The [ Co3
=J is weighted twice because it will absorb two H+ during 
titration to the carbonic acid end poi nt where Hco3- and OH- will 
absorb only one . In equivalent terms of mg/ 1  as caco3, Equation 21 
becomes : 
Alkalinity = HC03- + C03
= 
+ OH- - H
+ 
where the unbracketed terms denote concentrations expressed 
as mg/1 CaC03 that are equivalent to the molar concentrations 
shown in Equation 21 . 
Alkalinity is influenced by the amounts of HCo3
-, co3=, OH
- and H+ 
pr�sent in the water. Increases or decreases in any of these ions 
by c hemical addition or precipitation wil l  concommitantly increase 
or decreas e  the alkali nity in the water a similar amount and will 
be indicated on the Caldwell-Lawrence diagram. 
Acidity 
Acidity is defined as the base-neutralizing capacity of the 
water and is measured to the co3= end point � Setting up a zero 
proton level , the species formed are as follows : 
(22) 
2 1  
Speci es formed  by ga i n i ng 2H+ 
= 
H2co3 * 
t 
Spec i es fo rmed by ga i n i ng lH+ HCO H+ 
t
3 
Zero proton l eve l  co = 3 + H20 
l os i ng  lH
+ 
Spec i es formed by OH-
In  terms of mg/ l as Ca co3 , the ac id i ty would be : 
Ac i d i ty = H2CO3* + HC03 - + H
+ - OH ­ ( 2 3 )  
L i ke al kal i n i ty ,  t he fi nal ac i d i ty of t he wate r  may be ca l c u l ated 
knowi ng  t he ac i d i ty of the i n i t i al wate r and t he a c i d i ty of t he 
chemi cal added ( 9 ) . As may be seen from Equat i on 2 3 , a c i d i ty i s  n o t  
affected by e i t he r  a dd i t i on or preci p i tat i on of Ca co3 bec a u s e  i t  does 
not contai n co3- .  I t  i s  affected by t he amount o f  co2 si n c e  
H2co3* = H2co3 + CO2 • On  the Caldwe l l - Lawren ce d i a g ram a c i d i ty i s  
equal to the negat i ve o rd i n ate parameter ,  c 1 . Fo r example c 1 value 
of 100 mg/ 1 as Caco3 corresponds to an ac i d i ty of 
- 1 00 0  
Ac i d i ty , al ka l i n i ty , and pH may be related by t he fol l owi n g  
equat i on :  
Ac i d i ty = ( AL K - l<w/ H
+ 
+ H
+
) ( 1 + H
+ / K1 ) + H
+ - �/ H
+ 
( 1 + K2/ H
+ ) 
where Kw, K1 , an d K2 are t he di s soc i at i on con s ta n ts fo u n d  i n  
Equati ons 8 ,  9 ,  and 10 and  al kal i n i ty an d ac i d i ty are 
exp ressed i n  terms of mg/ 1  ca co3
. 
(24) 
Ac i d i ty can be obtai ned by measuri ng the pH  _an d al kal i n i ty of  t he 
water , ente r i n g  the Ca l dwell - Lawrence d i ag ram w i t h  the-s e  values , a n d  
f i nd i ng t h e  i nterse c t ion o f  the a l kal i n i ty- pH 1 i ne s . 
c
2 
Axis 
The horizontal, or c2 axis on the diagram (Figure 3) , is the 
difference between the alkalinity and calcium (c2 = alkalinity -
calcium) . This parameter is unaffected by the dissolution or 
precipitation of Caco3 . For example, if co3- is increased so tha
t 
KcA is exceeded, Caco3 will precipitate and, in turn, ca
++ will be 
removed from solution (decrease). However, alkalinity will decrease 
an equal amount as can be seen from the relationship between 
alkalinity and co3
= (Equation 22). Conversely, an increase in C03-
by _Caco3 dissolution will increase alkalinity and release a like 
concentration of ca++ so that C2 remains constant. A similar case 
can be for a decrease in co3
= so that it becomes apparent that c2 
will not change during the dissolution or precipitation of Caco3 . 
Direction Format Diagram 
Common chemicals used in water treatment include Ca {OH) 2, CO2, 
Na2co3, NaHC03, NaOH, CaC1 2, H2so4 , and CaC03. The addition of any 
of these chemicals \'lill cause a water saturated with respect to 
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Caco3 to precipitate or dissolve the Caco3 present. In the 
Caldwell-Lawrence diagram the location of a new saturated equilibrium 
condition relative to the initial point, due to the addition of one 
of the chemicals listed above, can be described by a vector of a 
magnitude and direction depending on the mass and type of chemical 
added (1). The directions of these vectors for the various chemicals 
are presented in a "direction format dia·gram" as depicted in the 
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upper left-hand corner of Figure 3. The effect of the various 
chemicals on c1 and c2 may be determined from the ions contributed by 
these chemicals and their effect on alkalinity and acidity 
(Eq uations 22  and 23). For example, the addition of Ca (OH)2 increases 
the [OH-] which caus s a corresponding decrease in acidity 
(Equation 23) . This would result in a shift upwards on the c1 axis . 
The increase in [OW ]  also increases alkal inity (Equation 22) .  However, 
additional calcium is also contributed by the Ca (0H}2 so that the 
++ change in Ca equals the change in alkalinity and, as previously 
noted, no change occurs in c2 . Thus the only change that occurs 
when Ca(0H)2 is added is a vertical rise on the c1 axis G The 
direction format diagram shows this vertical rise . Other chemical 
additions may be similarly explained. 
Magnesium 
The precipitation of magnesi um (as Mg(OH )2) is a function of the 
amount of magnesium in solution and the pH . A nomograph indicating 
the maximum possible magnesium solubility at various pH levels is 
shown near the bottom left-hand corner of Figure 3. Because solubility 
is influenced by temperature and ionic strength, this nomograph is only 
valid for the val ues shown in Figure 3 .  By knowing the pH and 
magnesium concentration of a water, the nomograph can be used to 
determine whether the precipitation of Mg ( O H )2 is imminent . 
Use of Caldwell - Lawrence Diagrams 
The step-by-step procedure for using the Caldwell- Lawrence 
d i agram to solve water-softening problems as formulated by Merrill 
( 5 ) , ( 6 ) , ( 9 ) , ( 1  0 ) i s pres en t e d be 1 ow. 
1 )  De fine the esired treated water quality in terms 
of pH, calcium , alkalinity, and magnesium, and locate 
these values on the diagram. They should be repr�sented 
by a single point and addition vectors must terminate 
on this point. 
2) Locate the untreated water on the Caldwell-Lawrence 
diagram by intersection of the alkalinity, pH, 
and calcium lines . This intersection will be a 
point if the water is saturated with respect to 
caco3, or by an envelope if not saturated . 
_ 3 )  Determine the saturation concentration of calcium 
for the untreated water. If the value of the 
calcium line passing through the intersection of 
the meas ured pH and alkalinity lines exceeds the 
measured calcium value, the water is undersaturated . 
If it is less than the measured value it is 
oversa tu rated. 
· 4) Equilibrate unsaturated waters by -intersecting the 
c1 and c2 lines . This point wi l l  be the beginning 
point for one or a series of addition vectors . 
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5) From the Mg-pH nomograph, determine the pH  that will 
produce the required effluent magnesium concentration . 
This is done by simply noting the pH value opposite 
the desired e fluent magnesium concentration. 
6) Starting at the point describ ing the equilibrated 
raw water condition, draw the magnesium removal 
vector downward and to the left at 45° from the 
horizontal as described by the direction diagram .  
The length of the vector should be such that its 
projection on the c1 or c2 axis is equal to the 
amount of magnesium to be removed.  The head of the 
vector will designate a second point which is the 
actual beginning point for chemical additions. 
7) To determine the amount of Ca(OH)2 required for 
magnesium removal, draw a vector from the point just 
established vertically upward until it reaches the 
line representing the pH value required to product 
the final Mg concentration .  The amount of lime to 
achieve this Mg concentration is equal to the 
projection of the addition vector on the c1 or c2 
axis . If the final effluent quality has not yet 
been reached, other chemicals may be added until it 
8) If no magnesium removal is required, steps 5 ,  6 and 
may be omitted and the direction for the chosen 
chemicals is drawn directl y  from the point 
i s .  
7 
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representing the equilibrated raw water to the 
vicinity o f  the finished water. 
9) Because the diagrams d o  not account for the presence 
of the solub e ion pair Caco3, ca l cium and a l kalinity 
val ues calculated will al ways be less than those 
obtained by the usual titrametric means of analysis. 
The refore, cal cium hardness and alkalinity equivalent 
to CaCO� solubil ity shoul d be added to the amount 
obtained from the Cal dwe l l - Lawrence diagram to provide 
a more rea l istic estimate of effl uent qual ity . 
An examp l e  is cited to il l ustrate the above procedure. The examp le  
uses the water as tested in Treatment One, Samp l e One, Duplicate b 
( Appen d i x  I I ) .  
Exampl e :  A raw water has the . fo l lowing anal ysis: pH = 7. 45, 
Calcium = 398, alkal inity = 263, magnesium = 64, 
temperature = go C, and ionic strength = . 0 18. A l l 
concentrations are expressed in terms of mg/1 as Caco3. 
How much l ime must be added to reduce the cal cium 
concentration to 200 mg/ 1 ? 
Figure 4 shows the appropriate Cal dwe l l-Lawrence diagram with 
t he necessary cal �ul ations performed on it. The solution is given 
i n d stepwise fashion . 
1)  Define the treated water qua l i ty .  First, the desired 
calcium concentration must be adjusted for the 
solubil ity of the CaCO� ion pair. This can be done 
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by referring to Figure 2 for a temperature of go c to 
obtain a solubility of 8 mg/ 1 . Thus , on the diagram 
( Figure 4) a calcium concentration of 1 92 corresponds 
to the desired value of 200. Magnesium removal is 
not desired. Al kalinity and pH values are not 
specified for the treated water. Therefore the final 
effluent quality will be defined by a calcium line on 
on the diagram equal to 1 92 rather than a single point 
because only final calcium concentration is of concern. 
2) Locate the untreated water on the diagram. In this 
case, the raw water is not saturated with Caco 3 so 
that it is defined by the enve 1 ope ABC bounded by the 
lines of Ca 3 98 ,  pH 7. 45, and alkalinity 263 as shown 
in Figure 4. Acidity of the untreated water can be 
found at the intersection of the pH . (AC) - .alkalinity 
(BC) l ines (31 3  mg/ 1 as CaC03). 
3) Determine the saturated concentration of calcium for 
the untreated water. The saturation concentration of 
calcium would be found at Point C (pH of 7 . 45 and 
alkal inity of 263). Thus , the saturated water 
contains 308 mg/ 1 calcium (Figure 4) . The raw water 
conta ins 398 mg/ 1 , therefore it is oversaturated. 
4) Eq uilibrate unsaturated waters by intersecting the C1 
and C2 lines . . In this case, the untreated water is 
unsaturated. As noted previously, the acidity (C1) 
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is 3 13  mg/1 and c2 (al kalinity minus calc ium )  i s  equal 
to -135  (263- 398). The intersection of c 1 (as projected 
from Point C ,  the intersection of pH and alkalinity) 
and c2 (as projected from Point 8 ,  the intersection 
of a l kal inity and cal cium) y i elds the saturated 
condition as shown by Point D ,  Figure 4 .  This is 
the starting point for the addition vector for lime 
addition. 
5), 6), 7) These steps may be omitted, because no magnesium 
removal is required. The magnesium concentration in 
the raw water is 64 mg/ 1 (total hardness - calcium 
hardness). From the pH-Mg nomograph on the diagram 
(Figure 4), magnesium will  not be removed unless  the 
pH exceeds 1 1. 22 . Thus lime additions must be limited 
so that the pH does not exceed this pH. 
8) Chemi cal Addition . In this example, only calcium is 
to be removed. Thus, the onl y  chemical required is 
lime. To determine the amount of lime needed, a lime 
addition vector is constructed from Point D verticall y  
upwards ( as indicated by the direction diagram, 
Figure 4) until it intersects with the Ca line equal 
to 1 92 mg/1 (at Point E). It shoul d be noted that 
the pH at Point E is 8. 3 1, which is we-1 1  below the 
value at which Mg is precipitated. 
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9) Account for the presence of the solubl e  ion pair CaC0�. 
This has been previousl y  accounted for in the cal cium 
concentration in step 1 .  The value for al kal inity must 
al so be adjusted by adding 8 mg/1 to the diagram val ue 
{ Figure 4). Thus the final water qual ity is : 
calcium 200 (192 + 8) ; al kalinity 68 (60 + 8) ; and 
pH = 8. 31 .  The l ime requirement is equal to the 
projection of the l ime addition vector between D and 
E on the c1 axis (313 - 62 = 251 mg/1 as CaC03). 
Note that the initial raw water did contain noncarbonate 
hardness because the total hardness (398 + 64 = 462) 
was greater than al kal inity .(263). 
The sludge production is obtained by a cal cium bal ance . 
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CaC03 sl udge = Cainitial + Limeadded - Cafinal (25) 
For this example, CaC03 sludge (mg/1 as CaC03) equal s 
398 + 251 - 200 = 449 mg/1 . 
Limitations of Diagrams 
Further examples of use of Cal dwel l - Lawrence diagrams are cited 
i n the l iterature (1), (5), (6), (9), ( 1 0). The Caldwel l - Lawrence 
diagrams provide a reaso�ably accurate method of determining water 
softening chemical requirements. Several factors do exist that may 
bring about a disparity between cal cul ations and field results . As 
al ready noted, complexing phenomena were not considered in the 
calculations used in the construction of the diagram . Adj ustment 
should be made for this phenomena ( 6 ) . 
The mass action constants used in the calculations are not 
exactly known and may slightly affect results . There has been 
considerable variation in KMG reported in the literature (1) .  The 
ionic strength will vary in the water as ions are added and 
removed, thus differing from the specific ionic strength cited 
on the individual diagram .  In addition it is not always possible 
to utilize the correct diagram that matches the ionic strength and 
temperature of the water to be tested (10) . 
Possible reasons for differing calcium values found in the 
field as compared to · graphical solution include the following (8): 
1) Insufficient detention time for all Caco3 to 
precipitate, or to reach equilibrium ; 
2) Magnesium may have inexplainably reacted with the 
lime early, not leaving enough lime for the 
predicted calcium removal ; 
3) Not all of the lime added went into solution, and 
4) The nature of the calcium test may lead to erroneous 
results. 
3 1  
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METHODS AND MATERIALS 
In the design of these experiments, a determined effort was made 
to simulate condi tions that might be expected during actual operation 
of a water treatment plant. This was done to generate results 
comparable to those obtainable by a plant operator . . The experiments 
were designed to statistically evaluate the pararneteri of calcium 
hardness ,  pH, and alkalinity. All water samples were obtained from 
the East Brookings Water Treatment Plant. Analyses of these samples, 
except for dis solved solids were conducted in the laboratory of the 
plant. Dissolved sol ids determinations were made in the Sanitary 
Engineering Laboratories, South Dakota· State University. 
The temperature of the water samples was held constant 
throughout anal ysis by means of a water bath . Treated samples, in 
1000-ml beakers, were placed in the water bath and mixed for 
30 minutes with a six-station Omega Laboratory Stirring  device 
(Figure 5). After mixing, the treated samples were allowed to 
settle from 65 to 230 minutes before start of testing. _ Variation in 
settling  time was the result of increased efficiency in performing 
tests whi le the treated water settled. 
Softenin g of the water was accomplished by addi tio� of a 
readily available commercial lime :  Kemilime Chemical Hydrated 
Lime ,  Ca (OH)2, manufactured by the Ash Grove Cement Company, Kansas 
C ity, Missouri . The super-fine, high- calcium lime has a calcium 
oxide purity of 73 per cent (11). This purity was used for 
F igure 5 .  Test Apparatus Setup .  
w 
w 
calculations concer Jng lime addition, Appendix I. Five selected 
dosages of lime (each dosage representing a treatment) were added 
to the raw water simulating lime additions for softening purposes 
that might be u ed i n  normal plant operations.  Lime was preweighed 
and added to the water sample in powdered form at the start of 
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mixing operations. Lime addition� were weighed on an analytical 
balance to the nearest ± 0. 0001 gram. Dosages were selected to 
obtain results from various portions of the Caldwell-Lawrence Diagram 
and were not necessarily similar to those used at the East Brookings 
Water Treatment Pl ant . 
• 
Sampling Procedure 
A flow diagram of the samplj ng procedure is shown in Figure 6 .  
Tests were run on  both raw and treated water. A raw water of 
relatively uniform quality was obtained by collecting samples at the 
treatment plant when well s 2 and 3 only were operating. Prior to 
sampling, these wells were run 60 minutes to insure that the 
transmis�ion line from the we l ls to the treatment plant was 
completely purged of water from well 1 .  
The s amples were col lected in one-gallon glass bottles near 
the base of the aerator near its effluent line - immediately prior to 
addition of chemicals . This point was selected to obtain water 
stripped of CO2 and H2s .  Each treatment consisted of five sampl es 
collected at the sampling point. Each of these samples was then spli t 
into two duplicate portions for lime addition , mixing and analysis . 
Sample 
1 
Well 2 
Sample 
2 
Aerator 
Sample 
3 
Wel 1 3 
Sample 
4 
Total Dissolved Solids 
100 ml 5 0  ml 
----- Total Hardness 
H 
5 0  ml 
p - SAMPLE 
1 
50 ml 
�--�-►Calcium Hardness 
Alkalinity to pHe 
_ 1 00 ml 
- Lime Dosage 
1000 ml 
. 
Duplicate 50 _ml 
a 
100 ml 
·., 1000 ml 
pH* 
100  m l  
A 1 ka 1 i n i ty to pH * .... e 
100 ml 
Total Alkalinity* 
50 ml 
Calcium Hardness* - -
50 ml Total Hardness* 
- Total Alkalinity 
Lime Dosage -
� 
SQ ml Duplicate 
lPO ml I 
100 ml 
. 
50 ml 
. 
50 ml -.. 
Note : Procedures for samples 2-5, same as shown for sample 1 .  
Tests on sample 1 performed twice for duplicates a and b. 
* After dosage was added, contents mixed 30 minutes and allowed 
to settle at least 65 minutes . 
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Figure 6 .  Flow Diagram of Sampling and Anal ysis for Individual Treatment. 
Only six mixing blades were available at a time so that three 
samples were tested in one day with the other two tested the 
f o 1 1  owing day .  
Analytical P rocedu res 
Required chemica l tests we re performed on raw water  and raw 
water treated with lime. Tests on raw water, in chronological 
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order, we re : pH , temperatu re, alkalinity, calci um hardness, and 
tota l hardness. I d entical tests and procedures we re run on the 
treated  water immediately upon compl etion of raw water testing. 
Treated samp l es remained in the water bath until tests we re performed 
for analysis . Samples we re pipeted directl y from covered containers 
in the water bath . 
pH 
Measurement of pH was made using a Fisher Acumet pH Meter 
model 210 equipped with gl ass a�d calomel electrodes. The pH of the 
raw water was recorded two minutes after pipeting from the glass 
gallon sampl e j ar to a 50- ml .  beaker. The pH was also measured prior 
to the total al kal inity analysis to provi de a check on the initial 
reading . Littl e discrepancy was noted and values used for 
calculations, and shown in the res ults, were those obtained when the 
pH was taken d u r 'ing the total alkalinity test. • This allowe d  the 
water more time to reach an equilibrium state e  The pH meter was 
standardized twice dail y, once for raw water testing and again for 
treated water testing, using standard buffer solutions of 6. 86 and 
4 . 00 which included the pH values exoected. The meter was also 
rechecked at the conclusion of testing. Due to malfunction of the 
original electrodes, it was necessary to replace the original 
electrodes with a similar pair for about one-half of Treatment four 
and Treatment five. 
Temperature 
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Temperature was monitored continuously throughout the experiment. 
The temperature recorded was that of the sample during the pH 
measurement. Temperatures were also taken at the time of each test 
and did not vary more than ± 1 . 5° C from the initial water 
temperature throughout the testing period . 
Al ka 1 inity 
Sample volumes were 100 ml . Total al kalinity is normal ly 
determined by titrating the sample with sulfuric acid to the 
carbonic acid equivalence point, generally taken as pH  4 . 5 .  However, 
the exact pH of the carbonic acid equivalence point, P�e ' depends on 
the total carbonic acid species concentration, Cr. The method of 
Loewenthal and Marais (1 ) was used to determine pHe which was then 
used as the endpoint for total alkalinity analyses .  In this method, 
alkalinity is first determined by titrating the sample from pH 6 .0  
to pH 4 . 5 . The pHe is then obtained from Figure 7 using the 
alkalinity based on titration from pH 6. 0 to pH 4 . 5 .  Finally , the 
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al kalinity used in data analysis was determined by titrating a 
second sample to the pHe endpoint from Figure 7 .  The sulfuric acid 
titrant was standardized against a . 0200N sodium carbonate standard. 
Sample calculations of the total alkalinity may be found in 
. Appendix I .  
Calcium Hardness 
Calcium hardness was measured using a procedure of the Hach 
Chemi ca 1 Company (12) . Mod ifi cat ions of the procedure were 1 imi ted 
to the accepted substitution of a 0. 1 gram addition of Cal Ver II 
Calcium Indicator Powder in lieu of Cal Ver II Calcium Indicator 
Powder Pillow . Potassium hydroxide -solution was added to the sample 
as it was being mixed by a magneti c  stirring device. The above 
mentioned indicator was then added followed by EDTA titrant to 
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produce the des ired color change. This method of calcium determination 
is in c l ose correlation with that l isted in Standard Methods ( 13) .  
s�mple cal culations of calcium hardness determinations may be found 
in Appendix I. 
Total Hardness 
Total hardness was determined using the procedure outlined by 
Hach ( 1 2). Un i Ver .I Hardness Reagent Powder was used in 
substitution of Uni Ver I Powder Pillow. The reagent powder was 
added to a 50-ml. sample during mixing. Then Titra-Ver was added to 
produce the desired color change. Sample calculations of total 
hardness may be found in Appendix I .  
Total Dissolved Solids 
Total dissolved solids determinations were conducted in 
accordance with Standard Methods (13). Upon evaporation of the 
1 00-ml .  sample, the dish was transferred to a 103° C oven for the 
purpose of obtaining a constant  weight. The sample dish was dried 
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a minimum of 24 hours to eliminate the necessity of checking for 
constant weight and cooled at least 60  minutes in a dessicator before 
f inal  weighing. In all but one treatment the samples were analyzed 
for tot�l dissolved sol ids within ten days of sample collection . 
Water samples, prior to solids determination, were stored in sealed 
glass containers at 4° C and mixed thoroughly before withdrawing 
samples for the solids test. Sample calculations for total solids 
may be found in Appendix I. 
Solids testing was performed on raw water to monitor water 
stability with respect to solids and to compare the average solids 
concentration used in calculation of ionic strength . Along with 
temperature ,  total dissolved solids is the identi fying parameter of 
individual Ca l dwell- Lawrence diagrams. The average solids 
concentration of the raw water was determined on the bas is  of ten 
random samples taken prior to the actual testing. 
As previously discussed, testing of one treatment was divided 
into consecutive days of three sampl es (two duplicates of each) for 
4 1  
the first day and two samples (two duplicates of each ) for the 
second day. Variation of testing time varies from six to eight hours 
the first day and four to six hours the second day. The experiments 
were initiated Augus . 11 , 1977, and concluded November 29, 1977 . 
Preliminary lab work was conducted prior to start up. 
RESULTS AND DISCUSSION 
The major o bjective of the experiments was to determine the 
practical ity of the Ca l dwe l l-Lawrence diagrams in estimating lime 
requirements for softening and predicting the quality of the treated 
water . The conclusions derived from the experiments are based on a 
stati st ical ana l ysis of the data along with common-sense 
interpretations of the practicality of the conclusions . The data 
collected during the experiments are presented in Appendix I I . 
Cal cium Removal 
Of main concern in the softening process is the removal o f  
calcium. With a known amount of Ca (OH)2 added to a water whose 
alkali nity , pH, and calcium val ue� have been previously defined, 
the calcium , alkalinity, and pH of the treated water supposedly 
can be predicted using the Cal dwell -Lawrence diagram. The method of 
prediction has been previously outl ined in the Literature Review . 
The calcium concentrations at equi l ibrium predicted using the 
Cal dwe l l -Lawrence diagram are presented in Table 2 along with 
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those obtained by analysis.  These values are for the first treatment 
in which a lime dosage of 80 mg/1 as CaC03 was used . 
Statistical Analysis 
An analysis of variance (ANOVA) was made of the calcium hardness 
data (1 4)  and the results summarized i n  Table 3, for a lime dosage of 
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Table 2 
Treatment 1 (80 mg/1 as Caco3) 
Measured versus Predicted Ca  1 ci um Va 1 ues 
Sample Measured (as mg/1 CaC03) Predicted (as mg/1 CaC03) 
1 a . ) 334 308 
b . ) 344 343 
2 a . ) 356 325 
b . ) 347 348 
3 a . ) 348 335 
b . ) 352 322 
4 a . ) 331 298 
b . )  360 337 
5 a . ) 343 346 
b . ) 341 366 
Mean · 345 _ 29 333. 46 
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Table 3 
Treatment 1 { 80 mg/1 as CaC03) 
Calcium Hardness ANOVA 
Source D . F . Sum of Squares Mean Squares F 
Tl) 1 672. 133 672. 133 2. 1 96-NS 6) 
o2) 1 14. 700 14. 700 0. 049-NS 
sa;o3) 3 892. 000 297. 333 1. 217-NS 
Txo4 > 1 1 12. 133 1 12 . 133 0. 366- NS 
TxSa/D 5) 3 918. 165 306. 055 1. 25 3-NS 
Remainder 10 2443. 000 244. 300 
l }T = treatments = comparison between measured and predicted values . 
2) o = variation from day 1 to day 2 during analysis . 
3)sa/D = variation among samples tested the same day . 
4)rxo = interaction between measured and predicted values (T) and 
consecutive testing days (D). 
S)TxSa/D = interaction between treatments and the samples tested the 
same day. 
6)N S  = not significant at the 5 per cent level. 
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80 mg/ 1 (Treatment 1). In Table 3, and following ANOVAs , treatments 
( T )  represent the comparison between the measured and values predicted 
from the di agram. This T should not be confused with lime dosages 
which are referred to as treatments 1, 2, 3 ,  4 ,  and 5 .  The letter D 
represents any variation that may have occurred from one day to the 
next of the consecutive testing days and shows possible change in 
water quality. Sa/D shows the variation among samples tested the 
same day. TxD indicates the interaction between the treatments 
(measured and predicted) and consecutive testing days . A rise or 
decline in actual values from day to day should correspond to a 
similar rise or decline in predicted values . TxSa/ D  represents 
possible procedural or testing errors in determining concentrations . 
In the F-value column, the notation NS indicates the result is not 
signi ficant at the five per cent -level. One asterisk indicates 
significance at the five per cent level and a double asterisk 
indicates significance a t  the one per cent level. 
Tables 4 through 1 1  show the remaining calcium results and 
ANOVAs for treatments 2 through 5. Results are usually reported 
as being significant or not significant according to the ANOVA test. 
This may be slightly misleading if an unusually -large error term is 
present. The F value is determined by dividing the mean squares term 
by the error term. A large error term would yield a correspondingly 
small F value, which might be non-significant. Likewise,  a sma l l  
error term would increase the F value, so tha t  i t  might become 
significant . To more fully interpret the results, divisors for each 
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Table 4 
Treatment 2 (146 mg/l as caco3) 
Measured versus Predicted Calcium Values 
Sample Measured (as mg/l CaC03) Predicted (as mg/1 CaC03) 
1 a.) 270 27 1 
b . ) 270 278 
" 2 a . )  288 292 
b . ) 278 273 
3 ' a . J 239 305 
b . ) 302 277 
4 a . )  254 256 
b . ) 270 290 
5 a . )  281 27 1 
b . ) 264 262 
Mean 270. 875 - 276. 208 
Table 5 
Treatment 2 (146 mg/1 as Caco3 } 
Ca lei um Hardness AN0VA 
Source D .  F .  Sum of Squares Mean Squares F 
T 1 136 . 533 1 36. 533 . 388-NS 
D 1 488. 033 488. 033 1. 385-NS 
Sa/D 3 256. 667 85 . 556 . 243-NS 
TxD 1 38. 533 38. 533 . 109-NS 
TxSa/D 3 385 . 167 128. 389 . 364- NS 
Remainde r  1 0 3522. 500 352. 250 
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Table 6 
Treatment 3 (21 9  mg/1 as CaC03) Measured versus Predicted Ca lei um Va 1 ues 
Sample Measured (as mg/1 CaC03) Predicted (as mg/1 CaC03) 
1 a . )  244 176  
b. ) 2 12 174 
2 a . ) 200 1 43  
b . ) 204 1 80 
3 a . )  2 68 18 3  
b . ) 2 30 1 87 
4 a . )  240 164 
b . ) 260 1 96 
5 a . ) 253 198  
b . ) 2 34 206 
Mean 236. 54 1 82. 42 
Table 7 
Treatment 3 (21 9  mg/1 as Caco3) Calcium Hardness ANOVA 
Source D. F .  Sum of Squares Mean Squares F 
T 1 1 4061 . 67 5 14061 . �75 61 . 798** 
D 1 1695 . 008 1695 . 008 1 . 943-NS 
Sa/D 3 261 7 . 2 91 872 . 430 3 . 049- NS 
TxD 1 1 2. 675  12. 675 . 044- NS 
TxSa/D 3 682. 625 227 . 542 .795-NS 
Remainder 1 0  286 1 .  000 286. 100 
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Table 8 
Treatment 4 (292 mg/1 as CaC03 ) 
Measured versus Predicted Calcium Values 
Sample Measured (as mg/1 Caco3 ) Predicted (as mg/1 CaC03 ) 
1 a. ) 1 98 1 12 
b . ) 182 114 
2 a . ) 1 66 96 
b . ) 184 114 
3 a . ) 196 1 13 
b . ) 206 133 
4 a . )  1 98 140 
b. ) 210 132 
5 a . ) 1 99 153 
b . ) 1 94 138 
Mean 194. 46 - 127. 2 1  
Table 9 
Treatment 4 (292 mg/1 as Caco3) 
Calcium Hardness ANOVA 
Source D .  F .  Sum of Squares Mean Squares F 
T 1 21708. 300 2 1708.300 252. 988* * 
D 1 1794. 133 1794. 133 5 . 545-NS 
Sa/D 3 970. 666 323. 556 3 . 468-NS 
TxD 1 288 . 300 2 88 .300 3. 360-NS 
TxSa/0 
and 1 3 1115 . 500 85. 808 
Remainder 
Sample 
1 a.  ) 
b . ) 
2 a . )  
b . ) 
3 a . ) 
b . ) 
4 a . )  
b . ) 
5 a . )  
b. ) 
Mean 
Source 
T 
D 
Sa/0 
TxD 
TxSa/0  
Remainder 
Table 10 
Treatment 5 (365 mg/ 1 as CaC03) 
Measured versus Predicted Calcium Values 
49 
Measured (as mg/ 1  CaC03) 
190 
Predicted (as mg/ 1  Caco3) 
158 
238 1 33 
286 159 
206 143 
248 127 
226 186 
198 1 53 
236 144 
218 168 
192 142 
221. 67 151 .  38 
Table 1 1  
Treatment 5 (365 mg/1  as CaC03 ) 
Calcium Hardness ANOVA 
0. F. Sum of Squares Mean Squares F 
1 237 16 . 408 237 16 .  408 - 39. 486** 
1 508. 408 508 . 408 . 846-NS 
3 873. 29 1  29 1 . 097 • 354-NS 
1 585. 208 585 . 208 � 974-NS 
3 523. 29 174 . 430 • 2 12-NS 
10  82 13. 500  82 1 .  350 
of the F values in treatments 1 through 5 have been presented in 
Table 1 2. Laboratory notes taken during the experimental runs 
were also consulted in attempting to explain the results . 
From the ANOVAs for calcium data , the predicted values are 
significantly different from the measured values at the one per 
cent level for lime treatments 3 ,  4 ,  and 5. All other interactions 
and variables were found to be non-significant. Lime dosages 
are increased from treatment one (80 mg/ 1)  to treatment five 
(365 mg/1 ) . Predicted and measured results compare favorably 
for lime dosages of 146 mg/ 1 as Caco3 and below and tend to 
diverge at higher lime dosages (Figure 8) . The measured calcium 
concentrations are higher than predicted values beginning with 
treatment three { 2 1 9 mg/ 1 as CaC03 ) .  
Reasons for Error 
The tests were all run with a one-half hour mixting time. 
Settling time varied and became shorter with increased 
proficiency in testing procedure during the later treatments. 
Possible high calcium val ues coul d be attributed to . any of the 
following reasons : 
1) Higher dosages of lime require more mixing time to 
adequatel y mix the Ca (OH ) 2 with the water , while at 
50 
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Tabl e 12 
Treatments 1 - 5 
Error Term for ANOVA ( Ca l c i um ) 
Treatmen t T D Sa/ D TxD TxSa/ D 
1 306 . 055 306 . 055 244 . 300 3 06 . 055  244 . 300 
2 352 . 2 50 352 . 2 50  352 . 2 50 352 . 2 50  352 . 2 50 
3 2 2 7 . 542 82 7 . 430  286. 1 00 2 86 . 100 286 . 100 
4 85 .807 323 . 556  93 . 300 85 . 8 07 93 . 300 
5 600 . 630 600 . 630  82 1 .  350  600 . 630  82 1 .  3 50 
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Figure 8 .  Measured vs. Predicted Calcium Values . 
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l ower doses the Ca (OH)2 become completely soluble within 
the allotted mixing time. 
2) The analysis procedure for calcium concentration 
produced results with a relative standard deviation 
of 4 . 4 per cent (approximately 16 mg/1 ) .  This may 
account for some of the error. 
3) The settling time, whi ch decreases with increas�s in 
l ime dosages , may not have been long enough . Use of 
the Caldwell-Lawrence diagram is based on equil ibrated 
water. However, the time to reach an equilibrated 
state has never been defined and would obviously 
be longer if there were a greater a�ount of lime 
added to the water. Treatments three through five may 
not have reached an equilibrated condition, thus 
measured values would be higher than predicted until 
enough time was allowed for the calcium to compl etely 
settl_e. 
4) Because the hydrated l ime was added directly to the 
water, there may have been localized regions of high 
pH where the lime was added to the water in which the 
lime reacted with magnesium and not with the calcium 
as shown by the softening equations . This would 
result in less lime available for reaction with 
calcium and consequently, less calcium would be 
removed . 
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5) When analyzing the treated water to determine measured 
values, the samples tested were pipeted directly from 
the mixing beaker . In some cases, pipeting c aused 
the CaC03 sludge at the bottom of the beaker to 
swirl into the treated water. Some of this Caco3 
may have been introduced into the pipet causing 
erroneous results . 
6) The ionic strength increased slightly throughout the 
course of the experiments . As discussed in the 
Literature Review, increases in ionic strength will 
increase the solubility of Caco3 leaving more calcium 
in solution than would be predicted. 
Al kalinity Determi nation 
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The ability of the Caldwell-Lawrence diagram to predict 
alkalinity was also evaluated. Tables 13 through 22 are presented in 
the same manner as Tables 2 through 11, with measured versus 
predicted values of alkalinity followed by an ANOVA of the results . 
Tables 13 through 22 include the results for all five lime treatments . 
The error terms for the ANOVA of the al kalinity dat� are presented 
in Table 23 . 
Statistical Analysis 
Alkalinity was analyzed statisti cally in a manner similar to 
calcium . It is apparent that Treatments two and five have relatively 
Sample 
1 a . )  
b . ) 
2 a . )  
b . ) 
3 a . )  
b . )  
4 a . ) 
b . ) 
5 a . )  
b . ) 
Mean 
Source 
T 
. D 
Sa/ D  
TxD 
TxSa/0 
Remainder 
� Table 1 3  
Treatment 1 (80 mg/1 as CaC03) 
Measured versus Predicted Alkalinity Values 
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Measured (as mg/1 CaC03) 
216 
Predicted (as mg/ 1  Caco3) 
2 16 
204 209 
210 2 12 
209 2 13 
200 203 
207 2 10 
211 233 
224 229 
220 230 
· 2 13 226 
212 .33 220.00 
Table 14 
Treatment 1 (80 mg/1 as CaC03) Alkalinity ANOVA 
D .  F. Sum of Squares Mean Squares F 
1 282 . 133 2 82 . 1 33 1 3. 402** 
1 963 . 333 · 963 . 333 26. 7 18 *  
3 108 . 166 36. 055 1 .328 
1 112 . 133 1 12 . 133 5 .327* 
3 2 . 167 0 . 722 0 . 027 
10 27 1 .  500 27 . 150 
\.. 
56  
Table 1 5  
Treatment 2 (146 mg/1 as Caco3) 
Measured versus Predicted Alkalinity Values 
Sample Measured (as mg/1 CaC03) Predicted (as mg/1 CaC03) 
1 a . )  95 140 
b. ) 1 1 2 1 52 
2 a . )  1 1 5  126  
b . ) 12 1 1 38 ' 
3 a . )  107 144 
b . )  149  145 
4 a . )  1 35 148 
b . ) 1 5 1  144 
5 a . )  1 39 152 
b . ) · 1 40 16 1  
Mean 1 28 . 875 146 . 2 50 
Table 16 
lreatment 2 (146  mg/1 as CaC03) 
Alkalinity ANOVA 
Source D .  F. Sum of Squares Mean Squares F 
T 1 1414. 533 14 14 . 533 7 . 1 18-NS 
D 1 1484 . 033 1484. 033 12 . 043*  
Sa/D 3 369. 667 123 . 222 0 . 902-NS 
TxD 1 246. 533 246. 533 1 .  240-NS 
TxSa/D 3 596. 167 1 98.722 1 . 455-NS 
Remainder 1 0  1 366. 000 136. 600 
Sample 
1 a . )  
b. ) 
2 a . ) 
b. ) 
3 a. ) 
b . ) 
4 a . )  
b . ) 
5 a . )  
b . ) 
Mean 
Source 
T 
D 
Sa/D 
TxD 
TxSa/D 
Remainder 
Table 17 
Treatment 3 (219 mg/1 as CaC03) 
Measured versus Predicted Alkalinity Values 
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Measured (as mg/1 Caco3) 
105 
Predicted (as mg/1 Caco3) 
92 
108 97 
101 98 
1 1 5  97 . 
109 91  
107 86 
101 95 
104 95 
109 93 
1 2 1  93 
108. 12 93.75 
Table 18  
Treatment 3 (219 mg/ 1 as CaC03 ) Alkalinity ANOVA 
D. F. Sum of Squares Mean Squares F 
1 9 9 1. 875 99 1 . 875 1 9. 624* 
1 3. 675 3·. 675 0. 178-NS 
3 95. 125 31 . 875 1. 544-NS 
1 0 . 675  o .  675 0.033-NS 
3 1 51 .  625 50. 542 2. 447-NS 
1 0  106 . 500 20 . 650 
Sample 
1 a. ) 
b . )  
2 a. ) 
b. )  
3 a . )  
b . ) 
4 a. ) 
b . )  
5 a . ) 
b . )  
Mean 
Source 
T 
D 
Sa/D 
TxD 
TxSa/D 
Remainder 
Tabl e 1 9  
Treatment 4 (292 mg/1 as Caco3) 
Measured versus Predicted Alkalinity Values 
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Measured (as mg/1 CaC03) 
6 5  
Predicted (as mg/1 CaC03) 
30 
74 31  
7 1  30 
87 28 
8 1  30 
7 9  30 
90 59 
87 58 
7 9  57 
98 48  
82. 33 42 . 667 
Tab l e  20 
Treatment 4 (292 mg/1 as Caco3) Alkalinity ANOVA 
D .  F .  Sum of Squares Mean Squares · F 
1 7552. 533 7552. 533 21 L 383 ** 
1 1732 . 800 17.32·. 800 48 . 898**  
3 74. 000 24. 667 0 . 6 18- NS 
1 213 . 333 213 .333  5 . 97 1 * 
3 · 98 . 667 32. 889 0 . 824- NS 
1 0  3 99 . 000 39. 900 
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Ta bl e 2 1  
Treatment 5 ( 36 5  mg/ 1  a s  Ca co3 ) Mea s u red ver s u s Pred i cted Al ka l i n i ty Va l u e s  
Samp l e  Mea s u red ( a s  mg/ l  Ca C03 ) P red i cted ( a s  mg/ 1 Caco3 ) 
a . ) 55 44 
b . ) 7 0  5 0  
2 a . ) 174  48 
b . ) 55 49 
3 a . ) 56 50 
b . ) 63 54 
4 a . ) 4 9  33 
b . ) 4 9  36 
5 a . ) 6 1  38 
b . ) 57  33 
Mean 64 . 000 44 . 500 
Ta bl e 22 
Treatment 5 ( 365  mg/ 1 as Ca C03 ) 
Al ka li n i ty ANOVA 
Sou rce  D .  F .  Sum of Square s  Mean  Sq uare s  F 
T 1 2842 . 1 33 2842 . 1 33 4 . 052-NS 
D 1 182 5 .  2 00 182 5 .. 2 00 2 . 602-NS 
Sa/D  3 1900 . 000 6 33 . 333  0 .  87 1 -NS 
TxD 1 136 . 533 1 3 6 . 533 0 . 200- NS  
TxSa/D  3 2 052 . 666 684 . 222  0 . 94 1-NS 
Rema i nder 10  7269 . 000 726 .  900 
Note : Poo l ed error  term for T and D of  701 . 354 , 1 6  df .  
60 
Ta b l e 2 3  
Treatments 1 - 5 
Error Term for ANOVA (Al ka l i n i ty )  
Treatmen t T D Sa/D TxD TxSa/ D 
1 2 1 . 051  36 . 055 2 7 . 1 50 2 1 . 051  27 . 1 50 
2 1 98 .  722 1 23 . 222 136 . 600 1 98 .  722 136 . 600 
3 50 . 542 2 0 . 650 2 0 .  650 20 . 650 20 . 650 
4 35. 729 35 .  729 39 . 900 35 . 729 39 . 900 
5 701 . 534 70 1 . 534 726 . 900 684 . 222 726 . 900 
large error terms, especially five. Because of this, the results 
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in the ANOVA table for Treatment five indicate no significant 
difference whereas there is a considerable numerical difference 
between the measur d and predicted means . The al kalinity analysis 
was performed with considerable accuracy (± 3 . 1 mg/1 , with a relative 
standard deviation of 1. 2 per cent) . Consequently this large 
numerical difference cannot be ignored and it is quite possible that 
the measured and predicted alkalinities in Treatment five could be 
shown to be different if the error term could be reduced. From 
inspection of Table 1 4, it appears that the opposite situation 
exists for Treatment one. In this instance, the l m·, error term 
yields results �ndicating that the measured and predicted value are 
statistically different . However, from a practical point of view · · 
there is little difference between the means, a s ituation which 
r I 
\._ J  
lends support to the validity of the Caldwell- Lawrence diagram . 
Treatment two predictions support the diagram, based on an apparent 
testing error in actual alkalinity values from samples one through 
3a. These values are somewhat low (mean = 1 1 0) while values from 
samples 3b thorugh 5b have a means of 1 43, very close to the 
predicted value of  1 4 6. Since the predicted values remain fairly 
constant for all samples as may be seen from Table  1 5, and these 
values are based on the raw water, it is obvious the water was of 
uniform qual ity . The relatively low valu�s for samples one through 
3a appear to indicate testing error in the alk�l in i ty determination . 
For the graph of alkalinity results, Figure 9, a mean of 143 was used 
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for the measured value due to testing error for Treatment 2. 
In conclus ion, i t  can be sa i d that the Caldwell - Lawrence d i agram 
predicts alkal inity wi th moderate success. Measured values are 
greater than predi cted val ues for the l i me dosages greater than 
146 mg/1 , whi le the predi cti ons were more acceptable for the dosages 
less than 146 mg/1.  The same reasons may be advanced to explain  
alkali ni ty (measured versus predi cted) d ispari ty as  calci um 
di fferences. 
Magnesi um and Total Hardness 
Magnes i um hardness (as mg/1 CaC03) may be determined as the 
d ifference between total and calcium hardness·. In · T able 24 , the 
mean magnes ium hardness in both treated and untreated waters i s  
presented along wi th the mean total hardness for all f i ve treatments 
(l ime dosages). Total hardness was measured w ith a precis i on of 
±· 6. 8 mg/1 and a relative standard devi ati on of 1 . 4  per cent. The 
variations in - magnesi um concentration for the untreated water may 
be explai ned in part by the vari abi lity i nherent in the calc ium 
test (± 16 mg/1 ) . The magnes i um concentrati on fo r the treated water 
were relatively constant (± 10 mg/1 ). Theoreti cally , magnesium should 
only be precipi tated when the solubility product of Mg ( OH)2 i s  
exceeded. This requires a relatively high pH (approx imately 1 1 . 2 
according to Figure 5). Such values were �at encountered duri ng 
any of the experiments .  However , locali zed hi gh pH condi t i ons could 
have been produced duri ng lime addition. These localized hi gh pH 
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Table 24 
Treatment 1 - 5 
Mean Total and Magnesium Hardness (mg/1 as Ca C03 ) 
Treatment Total Hardness Magnesium Hardnes s 
Untreated Treated 
1 462 82 58 
2 47 1 · 87 56 
3 455 102 62 
4 452 · 97 66 
5 484 105 56 
may have resulted in the precipitation and subsequent settling of 
some magnesium. Such reductions would be expected to be relatively 
constant for all treatments. Based on this hypothesis, the lower 
magnesium concentrations of the treated waters would have tied up 
lime that would have otherwise been available to form a precipitate 
with the calcium in t he water . 
In summary, the ability of the Caldwell-Lawrence di-agram to 
predict magnesium removal would appear to depend on the control of 
localized pH conditions that exist as the lime is mixed with water . 
In practice, this idealized state may be difficult to obtain. 
pH Measurement 
The Caldwell-Lawrence diagram can be used to predict the pH 
of the equilibrated water o An ANOVA was run on measured and 
predicted pH although these results have not been presented. The 
65 
ANOVA was not included because a statistical approach using F values, 
although valid, cannot determine . the effect of small pH changes on 
water quality . A cursory inspection of the results would appear 
to indicate that the diagram was a poor predictor of pH under the 
conditions of these experiments. This outcome might be due to the 
complex water chemistry involved in the equilibria relationships 
and a lack of knowledge concerning the time . required for equilibrium 
to occur. 
Io.nic Strength 
Ionic strength and temperature are unique for each 
Caldwell-Lawrence diagram� Temperature of the tested water was 
relatively constant throughout (9
° C) . Ionic strength is a function 
of total dissolved solids as discussed in the Literature Review . 
The total dissolved solids concentrations for the untreated water 
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are l isted in Table 25. Increases in total dissolved sol ids reflect 
increased solubility of Caco3 and Mg(OH)2. The range of mean valu�s 
is between 624 and 685 corresponding to ionic strengths of . 01 56 to 
0 017 1, respectively. The Caldwell- Lawrence diagram used to obtain 
the predicted values in all of the experiments was based on an ionic 
strength of . 018, a value based on the mean dissolved solids obtained 
from analysis of ten random samples taken prior to testing. Some 
error could have resulted from this procedure due to changes in 
dissolved solids that might have occurred during the experiments . · 
However , from a practical standpoint, water quality would be 
expected to vary slightly and it ·would be impractical to account 
for small variations in ionic strength. Accordingly, results using 
the Caldwel l- Lawrence diagram are not unduly affected by such small 
variations. Consequently, it is assumed that variations in ionic 
strength experienced in this test did not affect the results of these 
experiments. 
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Tab l e 2 5  
Treatments 1 - 5 
Tota l D i s s o l ved Sol i ds (mg/ 1 ) 
SAMPLE 
TREATMENT/ 1 2 3 4 5 
MEAN a b a b a b a b a b 
1/685 646 686 7 13 7 33 725  · 692 6 6 1  673  673 651 
2/649 657 658 60 1 627 688 655 645 643 660- 655 
3/624 623 6 1 9  568 598 62 1 628 606 674 643 65 1  
4/631 627 634 627 630 642 635 633  628 628 62 1 
5/683 685 670 672 677  657 673 7 38 683 684 694 
CONCLUSIONS 
Based upon the investigations with the Brookings water supply 
described herein, the following conclusions concerning the use of 
the Caldwell-Lawrence diagrams for lime softening were made: 
- 1) Calcium and alkalinity may be predicted from the 
diagram at l ime dosages of 146 mg/ 1  or less . As 
quantity of lime increases above this concentration, 
reliability of the diagram decreases. 
2) Determination of pH from the diagram is not consistent 
with field measurement at any level of lime additions . 
This could be due to the complex water chemistry involved . 
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ENG INEER ING APPLICATION 
These results indicate that from a practical point of  view, the 
J Caldwell- Law�ence diagram would appear to yield valid predictions for 
lime dosages of 146 mg/1 or less. For dosages higher than this , 
water quality predicted using the diagram was significantly different 
from the measured values. These differences may have been due to 
the possibility that insufficient time was provided for e quilibrium 
conditions to become established. If this should be the case, use of 
the Ca l dwell-Lav✓rence diagram might not be very reliable for the . 
higher lime dosages because the required detention ( equilibration) 
times might be longer than those encountered in  most water treatment 
plants . In fact, the time required to reach equilibrium (and to 
attain a quality predicted by the diagram) might be of such length 
that the water may not be in equilibrium even when it reaches the 
user. 
Precipitation of lime during feeding is sometimes  a plant 
operational problem, and would also affect the exact lime 
concentrations added. Hence, the ability of the Caldwell-Lawrence 
approach to estimate chemical dosages more exactly than the 
sto ichiometric method may be of less value than anticipated. 
It is conceivable for lime treatment that localized high pH 
"'-, 
conditions might d�velop resulting in unanticipated magnesium 
remova 1 not predicted b)
1 
the diagram. This effect in actua 1 p 1 ant 
operations should be studied. 
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The Caldwell-Lawrence diagrams do provide a means of determining 
l ime requirements for partial and total treatment and can be used to 
obtain �reliminary estimates of the required lime dosage. Experience 
will dictate any necessary changes to produce the desired water 
quality. Thus, the diagram is of real benefit to engineers concerned 
with estimates of lime requirements for a given treated water quality 
and the selection of feeders and storage facilities. The diagrams 
should, however, be used with full knowledge of their limitations. 
\ 
\ 
RECOMMENDAT I ONS FOR FUTURE STUDY 
The following recommendations are made for future studies 
involving the Caldwell-Lawrence diagram. 
1) Treated waters should be allowed to equilibrate for 
longer periods of time to determine if and when 
equilibrium is reached .  Detention times should. be 
varied with different concentrations of chemicals 
added and for each detention time , calcium and 
total hardness , alkalinity , and pH should be measured 
at various time intervals until they reach constant 
values {equilibrium) . 
2) A study also could be made of localized elevated pH 
that might result in lime being tied up in magnesium 
precipitation. Magnesium should be measured in the 
influent and ompared to that in effluent as an 
indicator of possible precipitation due to lime 
addition. Chemicals such as caustic soda (NaOH) and 
soda ash (Na2co3) could be substituted for lime to 
determine if unpredicted magnesium removal ·also 
occurs using these chemicals. 
3 ) By varying the raw water quality it would be possible 
to determine statistically the range of temperatures 
and ionic strengths for which a single diagram could 
yield acceptable results for varying lime additions. 
7 1  
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APPEND IX I 
Calculation of Lime Concentrations Added to Water 
Kemilime Chemical Hydrated Lime [Ca(OH)2 J added to one liter 
of water . The super-fine high-calcium lime has calcium oxide 
purity of 7 3  per cent ( 2) . 
Treatment 1 :  
Weight of 1 ime 
Purity 
Concentration of lime added = 
Treatment 2 :  
Weight of lime 
Purity 
Concentration of lime added = 
Treatment 3: 
Weight of lime 
Purity 
Concentration of lime added = 
Treatment 4 :  
Weight of 1 ime 
Purity 
Concentration Qf lime added = 
Treatment 5 :  . 
Weight of lime 
Purity 
Concentration of lime added = 
. 1 1 0  mg 
.. 7 3  
80 mg/1 
200 mg 
.73  
1 4 6  mg/ 1 
300 mg · 
.73 
2 1 9 mg/1 
400 mg 
.73  
292 mg/ 1 
500 mg 
.73  
365 mg/ 1 
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Determination of Alkalinity 
Example shown for water of Treatment one, Sample one, Duplicate b. 
Total Alkalinity as mg/1 Cato3 =
B x  N 
� 
50 , 000 
where: B = total ml titration for sample to pHe 
N = normlaity of acid 
S = sample size, ml 
_ 22 . 8  X 0 . 02 304 X 50 , 000 T . A .  -
100 
T .  A .  = 263 mg/l 
Determination of Calcium Hardness 
Example shown for water of Treatment one, Sample one, Duplicate b .  
A x 1000 Calcium hardness as mg/1 CaC03 = 5 
where: A = total ml titration to color change 
C . H . 
C . H. 
= 
S = sample size, ml 
19 .  9 X 1 000 --
5
�
0
,---
= 398 mg/ 1 . 
Determination of Total Hardness 
Example shown for water of Treatment one , Sample one, Duplicate b .  
Total hardness as mg/1 ca co3 = 
A x
5
iooo 
where: A =  total ml titration to color change 
T. H. 
T .  H. 
S = sample size, ml 
2 3. 10 X 1000 = ---=-so�--
= 462 mg/1 
/ 
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Determination of Total Dissolved Solids 
Example shown for water of Treatment one, Sample one, Duplicate b .  
Total Dissolved Solids (mg/1 ) = mg total residue x
 1000 
s 
where : mg total residue = difference in weight of dishes 
after evaporation and drying, mg 
S = sample size, ml 
TOS = [ ( 8 9 . 7348 - 89. 6662) x 1000 ] x 1000 100 
TDS = 686 mg/ 1  
APPENDI X  I I  
Exper imental Data 
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Treatment 1 (80 mg/ 1 ) 
Raw Water 
SAMPLE 
1 2 3 4 5 
TEST a b a b a b a b a b, 
;>ll 7 . 42 7 . 45 7 . 44 7 , 42 7 . 47 7 . 42 7 . 30 7 . 30 7 . 31 7 . 30 
Temperature , 0c 9 9 9 9 10 10 9 9 9 9 
Total Al kal i n i ty 264 2o3 263 265 257 259 268 268 269 266 
Ca l c i t.m :!a rdness 356 39& 376 400 390 371 335 377 387 408 
To ta1 Hardn�ts 462 462 458 459 457 458 47 1 466 464 466 
Tota i  01 sso1 vcd So l ids o4i 686 713  733 725 692 Jol 673 6/3 651 
Treated Water 
SAMPLE 
l 2 3 4 5 
TEST a b a b a b a I: a b 
pH 8 . 21 8. 32 8. 53 8. 34 8. 31 8 . 20 8. 31 8. 30 8 . 37 8 . 25 
Temperature . 0c 9 8. 5 9 9 9 9 9 9 8. 5 8 
Tota l Al �a1 i n i ty 216  204 2 10 209 200 207 m 224 220 213 
C;, l c f om Ha rdness 334 344 356 347 348 �52 3:31 360 343 34 1 
Total Hardness 404 392 401 401 393 401 409 4 12 4 16  4C6 00 
', 
Treatment 2 ( 146 mg/1 ) 
Raw Water 
SAMPLE 
1 2 3 4 5 
TEST a b a b a b a · b a ,, b 
pH 7 . 58 7. 52 7 . 55 7 . 55 7 . 52 . 7 . 55 7 . 45 7 . 45 7 . 43 7 . 40 
Temperature ,  0c 9 9 9 9 9 9 9 9 9 9 
Total Al ka 1 1 n f ty 252 260 236 249 255 255 250 246 250 258 
Cal c i um Hardness 386 386 402 382 415 384 358 394 370 359 
Total Ha rdnes s 480 482 474 474 472 472 465 465 464 462 
Total Oi ssol �ed Sol ids 657 658 601 627 688 655 645 643 660 655 
Treated Water 
SAMPLE 
2 3 4 5 
TEST a b a b a b a b a b 
pH 8. 91 8. 77 8 . 78 S. 90 8 . 98 8. 51 8 .81 a. io 8 . 63 8 . 65 
Temperature , 0c 8 7. 5 8 8 8 7 . 5  9 9 8 . 5  8 
Total Al ka l i n i ty 95 112 1 1 5  121 1 07 149 1 35 15 1  139  140  
Ca l ci um Hardness 270 270 288 278 239 302 254 270 281 264 
Total Ha rdness 314 326 313 328 314 
'1 
358 324 336 332 326 "° 
Treatment 3 (219 mg/1 } 
Raw Water 
SAMPLE 
2 3 4 5 
TEST a b a b a b a· b a 
pH 7 . 53 7 . 50 7 . 51 7 . 51 7 . 49 7 . 50 7 . 48 7 .J!8 7 . 49 7 . (6 
Temperature. 0c 9 9 9 9 9 9 9 9 9 9 
Total Al kal i n i ty 262 263 265 266 262 263 263 262 262 263 
Ca l ci um Ha rdness 347 340 332 348 353 361 334 362 357 378 
Total Ha rdness 452 456 444 444 457 459 45g 454 462 460 
Total Di ssol ved Sol ids 623 619 568 598 631 628 606 674 643 651 
Treated Water 
SAMPL.E 
1 2 3 4 5 
TEST a b a b a b a b a b 
pfl 8. 90 8 .85 9. 05 8. 98 8. 96 8. 94 9 . 00 8. 97 8 . 90 8. 70 
Tempt:ntur� ,  oc 8. 5 8 9 8. 5 8 . 5  8 . 5  8 8 8 8 
Tot�l Al kal i n i ty 105 108 101 1 15  109 107 101 104 109 12 1 
Cal c i um Hardness 244 2 �2 200 204 268 230 240 260 253 234 
To tol Hc1 rdness 199 296 274 290 302 292 299 299 . 304 306 
Treatment 4 {292 mg/1 ) 
Raw Water 
SAMPLE 
2 3 4 5 
TEST a b a b a b a .  b a b 
, 
pH 7. 51 7. 51 7 . 50 7 . 51 7 . 51 7 . 51 7 . 3 1  7 . 32 7 . 35 7 . 38 
Temperature , 0c 9 9 9 9 9 9 9 9 9 9 
Tota l Al kal i ni ty 267 267 266 266 267 267 271 271 273 273 
Ca l c f um Hardness 348 350 352 354 351 372 354 354 372 356 
Total Hardness 453 452 452 453 452 450 454 450 452 450 
Total Di ssol ved Sol fds 627 634 627 630 642 635 633 628 628 621 
Treated Water 
SAMPLE 
2 3 4 5 
TEST a b a b a b a b a b 
pH 9. 63 9. 50 9. 40 9 . 10 8 . 79 8 . 90 8 . 92 8 . 97 9. 10  8 .91  
Te:r.peratur� .  0c 9. 5 9. 5 9. 5 9. 5 9 9. 5 8 8 8 8 
iOtal Al kal i r. i t, 65 74 71 87 81 79 90 87 79 98 
· Ca l c i um Hd raness 1 98 182 166 184 196 206 198 210 199 194 
Total •ta rdness 250 248 254 266 . . 252 256 267 267 261 270 
..... 
Treatment 5 (365 mg/1 ) 
Raw Water 
SAMPLE 
1 2 3 4 5 
TEST a b a b a b a. b a b 
pH 7. 39 7 . 39 7. 42 7. 42 7 . 43 7 . 47 7. 32 7. 33 7 . 35 7 . 33 
Temperature, 0c 9 9 9 ') 9 9 9 9 9 9 
Tota l  Al ka l in i ty 269 268 270 270 271 271 271 271  270 272 
Ca l c i um Ha rdness 382 354 382 368 350 404 392 380 400 380 
Tota 1 Ha rdness 476 474 472 472 473 480 510 512 486 �82 
Total  D i sscl ved So l i ds 685 670 672 677 657 673 738 683 684 694 
Treated Water 
SA.Y.PLE 
1 2 3 4 5 
TEST a b a b a b a b a b 
pH 9. 80 9. 05 8. 10  9 . 80 9. 55 9. 40 9. 55 9 . 68 9 . 20 9. 35  
T<:mperature, 0c 9 8. 5 8. 5 8. 5 8 . 5  S. 5 9 9 9 9 
Total A1 ka i i n i ty 55 1e 174 55 56 63 49 49 61  57  
Cal c i um Hardness 190 238 286 206 248 226 198 236 216 192 
Total Hardness 264 268 378 268 268 264 296 288 272 258 N 
